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nonconsumptive	 (fewer	eggs	 laid)	effect	on	beetle	fitness,	 including	a	prey	density-
independent	measure	(c:nc	ratio).	We	found	that	larger	clutches	increase	egg	survival	











fundamental	 to	 advance	ecological	 theory	 and	applications.	 Furthermore,	 exploring	
modulation	of	fitness	traits	by	bottom-up	and	top-down	effects	will	help	to	explain	
how	and	why	species	aggregate.
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1  | INTRODUCTION
Top-	down	effects	of	predators	on	prey	 consist	 of	 two	components:	
a	 direct	 consumptive	 and	 an	 indirect	 nonconsumptive	 effect	 asso-
ciated	with	 changes	 in	 prey	 behavior.	 Nonconsumptive	 effects	 can	
have	 far-	reaching	 impacts	 on	 trophic	 cascades	 (Beckerman,	Uriarte,	
&	Schmitz,	1997;	Trussell,	Ewanchuk,	&	Bertness,	2003),	ecosystem	
functions	(Matassa	&	Trussell,	2011;	Schmitz,	Grabowski,	&	Peckarsky,	
2008),	 and	 often	 equal	 or	 exceed	 the	 effects	 of	 consumption	
(Preisser,	Bolnick,	&	Benard,	2005;	Schmitz,	Krivan,	&	Ovadia,	2004).	
Nonconsumptive	effects	can	increase	prey	vulnerability	to	other	mor-








&	Ydenberg,	 1995)	 should	 represent	 the	 strongest	 nonconsumptive	
effects	as	they	reduce	prey	fitness.
Here,	we	 investigate	 key	 reproductive	 traits	 (clutch	 size,	 ovipo-















addressed	 (Abdala-	Roberts	 et	al.,	 2016;	 Kabir,	 Moritz,	 &	 Stenberg,	






























ing	 for	 prey	 leads	 to	 lower	 consumption	 (Vine,	 1971).	 Such	 general	
mechanistic	explanations	serve	as	the	basis	for,	for	example,	the	group	
defense	hypothesis	in	insects	(Hunter,	2000).
Besides	 prey	 behavior,	 predator	 foraging	 behavior	 determines	















The	 second	 trait	we	 investigate	 is	 oviposition	 rate,	 that	 is,	 if	 it	










     |  2329STEPHAN ET Al.
(host	 acceptance)	 or	 omnivore	 presence	 (presence	 vs.	 absence).	 By	
relating	the	number	of	eggs	not	laid	due	to	omnivore	presence	to	the	
number	 of	 predated	 eggs,	 it	 is	 possible	 to	 calculate	 a	 consumptive:	






The	 well-	studied	 system	 examined	 herein	 provides	 key	 com-
ponents	 that	 make	 it	 particularly	 suitable	 for	 studying	 effects	 of	





This	 beetle	 is	 able	 to	 reduce	 its	 oviposition	 rate	 according	 to	how	
many	conspecifics	have	visited	the	plant	individual,	while	the	number	
of	conspecific	eggs	seems	to	be	of	 less	 importance	 (Stephan	et	al.,	
2015).	At	the	same	time,	the	relative	consumption	of	plant	(sap)	and	
animal	 food	 (leaf	beetle	eggs)	by	 two	of	 the	most	 important	omni-
vores	(Anthocoris nemorum	and	Orthotylus marginalis)	changes	in	par-
allel	with	plant	sap	quality	of	genotypes	(Liman,	Dalin,	&	Björkman,	
2016).	 These	 omnivores	 are	well	 studied,	 and	we	 (1)	 can	 exclude	
plant	defenses	 like	 trichomes	 to	affect	 the	omnivores	 (Björkman	&	
Ahrne,	 2005),	 be	 fairly	 certain	 that	 omnivores	 are	 less	 motivated	
to	 forage	 for	 clutches	 if	 they	 can	 more	 easily	 consume	 plant	 sap	
(Stenberg	et	al.,	2011a;	Stephan,	Low,	et	al.,	2016),	 (2)	 can	assume	
that	plant	architecture	is	less	important	than	plant	sap	quality	to	alter	






sized	 egg	 clutches.	 In	 contrast,	 the	 other	 omnivore	 exhibits	 “find-	
and-	stay”	 behavior	 and	 egg	 survival	 is	 independent	 of	 clutch	 size.	
Therefore,	the	aggregation	behavior	of	the	leaf	beetle	interacts	with	







and	 increase	 the	 proportion	 of	 larger	 clutches	 on	 unsuitable	 plant	
genotypes	(1)	and	in	the	presence	of	the	“run-	and-	eat”	omnivore	(2)	
as	 larger	 clutches	would	 increase	egg	 survival.	We	also	hypothesize	
that	omnivore	presence	will	induce	a	lower	oviposition	rate	(3)	as	the	
female	beetles	try	to	minimize	egg	losses	to	predation.	The	lower	ovi-
position	 rate	will	 depend	on	omnivore	 species,	 and	plant	 genotype,	
ultimately	 changing	 the	 contributions	 of	 consumptive	 and	 noncon-
sumptive	effects	to	beetle	fitness	(changed	c:nc	ratio)	(4).
2  | MATERIAL AND METHODS
2.1 | Study system










emerge	 in	 April,	 feed	 for	 about	 2	weeks,	mate	 and	 subsequently	 lay	
hundreds	of	eggs	on	the	underside	of	leaves	in	clutches	of	1–50.	Larvae	
hatch	after	15–20	days	and	feed	gregariously	on	leaves	during	the	first	
and	second	 instars	and	then	solitarily	during	the	third	 instar	 (Kendall,	
Wiltshire,	&	Butcher,	1996).	Larvae	pupate	 in	 the	soil;	 adults	emerge	
in	August	and	after	a	short	period	of	feeding	and	find	hibernation	sites.
Anthocoris nemorum	L.	 (Heteroptera:	Anthocoridae)	 is	an	 import-
ant	predator	of	P. vulgatissima	because	it	can	consume	large	numbers	
of	 beetle	 eggs	 (Björkman	 et	al.,	 2003)	 and	 is	 an	 effective	 biological	














therefore	even	aged	and	within	 their	 first	weeks	of	egg	 laying,	with	
stable	oviposition	rates	for	several	weeks	(Lehrman	et	al.,	2012).	While	
the	omnivores	were	starved	over	night	before	release	in	the	cages,	the	
beetles	were	 provided	with	 shoots	 from	 a	 preferred	 natural	willow,	
S. cinerea. The Salix	genotypes	(78021	(S. viminalis),	78183	(S. vimina-
lis),	Gudrun	(S. burjatica × S. dasyclados),	Loden	(S. dasyclados))	selected	
for	the	experiments	were	chosen	because	they	differ	in	chemical	com-
position,	 thus	 affecting	 their	 suitability	 for	 both	 the	 leaf	 beetle	 and	
the	omnivores.	The	suitability	for	the	leaf	beetle	(fecundity)	has	been	




















2.2 | Oviposition in the presence and absence of 
different omnivores
Two	(to	reduce	beetle-	specific	variability,	although	hereafter	we	will	




ured	 as	 the	 eggs	 start	 to	 hatch	 under	 the	 experimental	 conditions	
after	seven	to	8	days.	This	treatment	with	only	the	leaf	beetles	served	
as	 control,	 and,	 as	 in	 all	 treatments,	we	 set	 up	 at	 least	 seven	plant	
individuals	 (replicates).	However,	host	acceptance	was	very	 low	(we	
only	used	plants	that	received	eggs)	for	the	very	unsuitable	genotype	




alis	(2	OM;	78183:	8,	Loden:	7);	one	A. nemorum	plus	one	O. marginalis 
(1	AN	1	OM;	78183:	8,	Loden:	7);	and	four	O. marginalis	(4	OM;	78183:	
7,	 Loden:	 8).	 Although	 only	 with	 one	 omnivore,	 the	 last	 treatment	
was	 included	 to	 give	 an	 idea	 of	 how	predator	 density	might	 affect	
the	extent	of	the	nonconsumptive	effect.	The	experiments	involving	
the	Control	and	the	2	AN	treatment	were	performed	in	2009	(here-
after,	 part	 one),	while	 the	 remaining	 treatments	were	performed	 in	
2015	(hereafter,	part	two)	under	the	same	conditions	(including	glass-
house	and	collection	of	species).	The	experiment	was	performed	at	a	
time	of	the	year	when	A. nemorum	adults	and	nymphs	of	O. marginalis 











present)	 to	 calculate	 the	 consumptive	 effect	 and	 the	 proportion	 of	
eggs	not	laid	due	to	omnivore	presence	(number	of	eggs	laid	with	om-
nivore	present	divided	by	number	of	eggs	laid	without	omnivore)	to	









The	 count	 and	 survival	 data	 were	 analyzed	with	 generalized	 linear	
mixed	models	with	the	plant	 individual	as	a	random	effect.	We	also	





parts	of	 the	experiment	were	performed	 in	different	years	 (and	the	
genotype–treatment	combinations	are	not	complete),	we	did	not	pool	





slopes	 (by	 altering	 the	 reference	 level	 of	 the	model).	 Because	 data	
were	 limited	 for	 genotypes	 with	 low	 host	 acceptance,	 we	 did	 not	
start	with	a	model	including	the	interaction	between	eggs	laid,	treat-
ment,	and	plant	genotype	but	rather	with	only	two-	way	interactions	














with	 the	 S. viminalis	 genotype	 78021	 associated	 with	 the	 largest	
clutches	 (Figure	1a)	 in	 the	 presence	 of	A. nemorum	 in	 the	 first	 part	
of	 the	experiment.	 In	 the	 second	part	of	 the	experiment,	 the	mean	
clutch	size	did	not	differ	between	treatments,	but	seemed	to	resemble	





































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































when	A. nemorum	was	 present	 than	when	 it	was	 not	 (Table	1:	M3;	
Figure	1c);	the	remaining	omnivore	treatments	had	similar	effects	on	
the	number	of	eggs	laid	(Table	1:	M4;	Figure	1d).













from	genotype	78021	 to	Gudrun	 in	 the	 first	 part	 of	 the	experiment	
(78021	vs.	78183:	<0.001/0.28;	78021	vs.	Loden:	<0.001/0.55;	78021	
vs.	 Gudrun:	 <0.001/0.77;	 78183	 vs.	 Loden:	 <0.001/0.32;	 Loden	 vs.	
Gudrun:	<0.01/0.44),	while	in	the	second	part,	the	distributions	tended	
to	differ	between	78183	and	Loden	(=0.07/0.20).
The	egg	survival	 in	clutches	 (Table	1:	M5)	and	 the	survival	of	all	
eggs	 on	 a	 plant	 (Table	1:	 1	M7)	 in	 the	 presence	 of	A. nemorum de-
pended	on	the	plant	genotype,	with	lower	survival	on	Loden	(Figure	3).	
Egg	survival	was	generally	lower	in	the	second	part	of	the	experiment	





































Visualizing	 the	 consumptive	 and	 nonconsumptive	 effects	 for	 all	
omnivore	 treatments	 revealed	 that	 the	plant	 genotype	 affected	not	
only	the	consumptive	effect	(egg	survival),	but	also	the	nonconsump-
tive	 effect	 (eggs	 not	 laid	 due	 to	 omnivore	 presence)	 (Figure	5).	The	














(Stephan	 et	al.,	 2015),	 here,	 as	 in	 other	 studies	 (Kagata	&	Ohgushi,	
2002),	we	observed	that	clutch	size	depends	on	plant	suitability	(oth-
erwise	we	would	 have	 seen	 larger	 clutches	 on	Gudrun/Loden	with	
larger	leaves).	Theoretical	(Pilson	&	Rausher,	1988)	and	experimental	
evidence	 (Freese	&	Zwölfer,	 1996)	 supports	 the	 interpretation	 that	






















F IGURE  3  Individual	egg	survival	within	clutches	in	the	presence	
of	the	omnivore	Anthocoris nemorum	in	relation	to	clutch	size	for	all	
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due	to	interspecific	differences	in	leaf	area	(Kagata	&	Ohgushi,	2002),	
this	is	the	first	quantification	of	a	frequency	change	due	to	plant	suit-
ability.	 Reducing	 intraspecific	 competition	 is	 therefore	 achieved	 by	
laying	generally	smaller	clutches,	and	more	of	them.	Such	frequency	




















presence	of	predators	have	been	 reported	 for	 a	moth	 (Subinprasert	
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important	 for	 egg	 survival	 than	 clutch	 size	modulation.	We	 neither	
evaluated	 the	 oviposition	 choice	 in	 a	 field	 set	 up	 (Tschanz,	 Schmid,	
&	Bacher,	2005)	nor	with	alternative	host	plants,	but	employed	a	no-	
choice	assay.	However,	oviposition	rate	is	a	fitness	proxy	in	this	spe-












































the	 last	 treatment	with	 four	O. marginalis,	 consistently	 lower	 (higher	
c:nc	 ration)	 on	 Loden/Gudrun	 than	 78183/78021.	This	means	 that	
increased	egg	consumption	on	plants	of	low	quality	to	the	omnivore	
(Loden/Gudrun)	 is	 accompanied	 by	 less	 time	 spent	 searching	 for	
prey	and	thus	less	disturbance	of	the	ovipositing	leaf	beetle	females.	
Consequently,	although	the	plant	genotype	gains	protection	through	
egg	 consumption	 (besides	 lower	herbivore	 acceptance),	 there	might	
also	be	a	“cost”	in	the	form	of	lower	benefits	from	the	nonconsump-
tive	effect.	This	indirect	pathway	associated	with	plant	genotype	ex-
tends	 the	 tritrophic	 interaction	 (Figure	6)	 and	 probably	 depends	 on	
the	omnivore	density	and	inter-	and	intraspecific	interactions	among	
the	omnivores	(here:	neutral	interference	between	the	omnivores	and	






ity,	 but	 also	 foraging	 kairomones	 from	beetles	 (Fernandez	&	Hilker,	
2007)	or	plant	volatile	induction	due	to	feeding	or	oviposition	(Dicke	
&	Baldwin,	 2010)	 that	may	 change	 the	predator/omnivore	behavior	
need	to	be	considered.
We	 have	 yet	 to	 determine	 the	 real	 contributions	 of	 plant	
genotype-	mediated	 changes	 to	 nonconsumptive	 effects	 and	 the	 ul-
timate	 outcome	 to	 the	 plant.	 In	 many	 biological	 control	 strategies,	
pest	density	is	estimated	by	counting	the	individuals	or	assessing	the	
damage	 and	 relating	 it	 to	 the	 predator/parasitoid	 density/diversity	





be	 lower	 on	 specific	 plant	 genotypes	 (Stephan,	 Albertsson,	 et	al.,	
2016),	we	did	find	some	preliminary	evidence.	Certainly,	the	influence	
of	 retaining	eggs	or	delaying	oviposition	 still	 needs	 to	be	evaluated	











by	 a	 low	nonconsumptive	effect	 from	 the	omnivore	providing	plant	
protection.
Recently,	 Kersch-	Becker	 and	 Thaler	 (2015)	 investigated	 the	 in-
teraction	 between	 consumptive,	 nonconsumptive	 effects	 and	 host	






















In	 summary,	 increasing	 clutch	 size	 in	 response	 to	 omnivores	
in	 cases	where	 it	would	 benefit	 egg	 survival	 does	 not	 occur	 in	 our	
system,	 and	 other	 behavioral	 adjustments	 may	 be	 more	 important.	
Because	nonconsumptive	effects	may	be	at	least	a	third	as	strong	as	
the	effects	of	consumption	and	because	of	 the	 interaction	between	
bottom-	up	and	 top-	down	effects,	we	wish	 to	stress	 the	 importance	
of	 nonconsumptive	 effects	 in	 indirect	 plant	 defense	 and	biocontrol.	
Our	study	 illustrates	 the	merits	of	using	direct	measures	 for	 fitness,	
including	 directly	 relating	 consumptive	 and	 nonconsumptive	 effects	
to	the	specific	omnivore	type/combination	and	the	specific	plant	gen-
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